The effect of ethanol administration on alcohol dehydrogenase (ADH) activity in the hepatic parenchymal cells of ICR, C57BL/6J and DBA12 mice was studied ultracytochemically by the copper ferrocyanide method. Also, the tetranitroblue tetrazolium (TNBT) method was partially used. The ethanoltreated mice were sacrificed either 6 (6 hr group) or 30 hr (30 hr group) after the last administration.
ADH activity in all ethanol-treated mice, 6 hr group was markedly increased in the cytoplasmic matrix immediately adjacent to both rough-as well as smooth-surfaced endoplasmic reticulum over that of the same ethanol-treated mice, 30 hr group.
I. In 6 hr and 30 hr groups, ADH activity in the heavily dosed mice showed a significant decrease of the activity as compared to that of the moderately dosed mice.
In long-term ethanol-treated mice, 30 hr group, there was the maximum increase in ADH activity in both the cytoplasmic matrix and mitochondria at 15 and 18 months, after which the activity showed a significant decrease.
In comparison with respective control mice, long-term ethanoltreated mice, 30 hr group, showed slight increase in ADH activity.
TNBTformazans were positive in the cristae mitochondriales of long-term ethanoltreated mice, but not at all in the control mice. II. In the 6 hr, 30 hr and control groups, ADH activity in C57BL mice increased over that of DBA mice.
It has been established that the rate of ethanol metabolism is markedly increased after prolonged ethanol consumption (4, 26, 35, 50, 79) . It is generally agreed that alcohol dehydrogenase (ADH, EC No. 1.1.1.1) is the most important enzyme in the oxidation of ethanol to acetaldehyde (54) . In addition, it has been generally accepted that ADH activity is localized only in the cytosol (44, 56) . However, recent ultracytochemical (80) and biochemical (27, 77) studies have demonstrated that liver ADH activities are present not only in cytosol, but also in mitochondria.
Some investigators (11, 12, 19, 26, 49, 51, 52, 53, 57) observed an increase in ADH activity after long-term intake of ethanol, whereas others reported no change (6, 13, 21, 24, 50, 78, 79) or a decrease (21, 35) . Therefore, whether ADH activity is increased by long-term intake of ethanol has been a matter of dispute. In these studies, however, this enzyme was only measured in the soluble fraction of cells.
The present study was undertaken to investigate ultracytochemically the effect of both a single large dose and a long-term daily ingestion of 15% ethanol solution on liver ADH activity in mice by the copper ferrocyanide method (80) . Also, liver ADH activities in inbred strains of mice with high or low alcohol preference were compared ultracytochemically with respect to the effect of long-term ethanol administration.
In addition, in the previous paper (80) the reaction products obtained by the copper ferrocyanide method were positive in the cristae mitochondriales in the hepatic parenchyma) cells of normal ICR mice, whereas in the TNBT method (1) it showed negative. Therefore, the TNBT method was also used to examine whether in ICR mice maintained on prolonged ethanol ingestion TNBT-formazans are found in the cristae mitochondriales.
MATERIALS AND METHODS
Experiment I. Male ICR mice were used. All mice fed on standard laboratory chaw, Oriental MF, and water ad libitum, were divided into thirteen groups.
Group A (long-term ethanol treatment) received 15% ethanol solution by gastric intubation (2.4 g/kg of body weight) daily for 3 months starting 5 weeks old. Group B (a single large dose) received 15% ethanol solution by gastric intubation (7.1 g/kg of body weight). Group C (long-term ethanol treatment; also a single large dose) received the same treatment as group A, however the last administration was a large dose as in group B. Group DC (control of groups A, B and C) received regular drinking water ad libitum.
Mice of groups E, F, G, H and I received 15% ethanol solution by gastric intubation (2.4 g/kg of body weight) daily for 10, 12, 15, 18 and 25 months starting 5 weeks old, respectively. Mice of groups EC, FC, HC and IC (control of groups E, F, H and I, respectively) received regular drinking water ad libitum.
Experiment II. Male mice of C57BL/6J inbred strain with high alcohol preference and DBA/2 inbred strain with low alcohol preference were used. The mice were derived from breeding stock from the Department of Forensic Medicine, Shiga University of Medical Science. The ten weeks old mice were put in individual cages for self-selection; tap water and 10% ethanol solution were available ad libitum for 2 weeks. When the alcohol preference; (ml of 10% ethanol solution/ml of total fluid) X 100 was over 68% in C57BL mice and below 9% in DBA mice, those mice were used throughout the following investigation.
Mice in groups HA (C57BL strain) and LA (DBA strain) received 15% ethanol solution by gastric intubation (2.4 g/kg of body weight) daily for 10 months starting 12 weeks old. Control mice (groups HAC and LAC) received water ad libitum.
The mice in each ethanol treated group (experiments I and II) were sacrificed either 6 or 30 hr after the last administration. The liver was perfused through the portal vein with 4% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, containing 0.44 M sucrose for 10 min at 0-4°C. Immediately after the completion of perfusion, the liver was removed and cut into small blocks, which were then immersed for another 20 min in the same fixative at 0-4°C and washed overnight in 0.1 M cacodylate buffer, pH 7.4, containing 0.44 M sucrose. Frozen thick (40 um) sections were cut with a freezing microtcme. Sections were then incubated in the medium for alcoholferricyanide reductase (80) consisting of 5.0 ml of 0.1 M phosphate buffer, pH 7.4 (50 mM in the final concentration), 66 mg of nicotinamide adenine dinucleotide (NAD) (10 mM), 1.5 ml of 45% ethanol (1.2 M), 0.5 ml of 0.1 M sodium citrate (5 mM), 1.0 ml of 30 mM copper sulfate (3 mM), 1.0 ml of double distilled water (d.d.w.), 1.0 ml of 5 mM potassium ferricyanide (0.5 mM) and 1.5 g of sucrose (440 mM). Incubation was carried out for 25 min at 37°C. In long-term ethanol-treated ICR mice, the sections were also incubated in the incubation medium for alcohol-tetrazolium reductase, according to Amemiya (1) for 30 min at 37°C.
After incubation, sections were postfixed in 1 % buffered osmium tetraoxide for 60 min at 0-4°C, dehydrated through graded ethanols and propylene oxide, and embedded in Epon 812. Ultrathin sections cut by a Porter-Blum MT-2 ultramicrotome from fifteen epon blocks for each mouse were observed under a Hitachi HU-12 electron microscope without poststaining.
RESULTS

Results
are shown in Figs. 1-41. Experiment I. In all groups, the reaction products, copper ferrocyanide showing the enzymatic activity, were mainly found in the cytoplasmic matrix immediately adjacent to the rough-surfaced endoplasmic reticulum (rER), on the inner and outer membranes of mitochondria and cristae mitochondriales.
The differences among each group described above were as follows : 1) Control mice (Figs. 1-5) : In all control groups, there was not much difference in ADH activity, except that in 11 months old mouse (group EC) (Fig. 2) , faint reaction products were seen only in the cytoplasmic matrix, and that the deposit in 26 months old mouse (group IC) (Fig. 5) showed a significant increase in activity in the cytoplasmic matrix immediately adjacent to both the rough-as well as smooth-surfaced endoplasmic reticulum in comparison to that in the mice receiving large doses of ethanol (groups B and C) (Figs. 8-12 ). The activity (Figs. 6, 7) was markedly increased over that of mice of groups A, B and C sacrificed 30 hr after administration (Figs. 13-18 ) and the control mice (group DC) (Fig. 1) .
In groups B and C, sacrificed 6 hr after administration (Figs. 8-12 ) there was a prominent increase of ADH activity as compared to that of the same groups, sacrificed 30 hr after administration (Figs. 15-18) . However, the ADH activity in these same groups B and C (Figs. 8-12 ) was no different from that of group A, sacrificed 30 hr after administration (Fig. 13) , and the controls (group DC) (Fig. 1) .
In the heavily ethanol-treated mice (groups B and C), many large lipid spheres (Figs. 8, 9, 11) and numerous minute lipid droplets ( Fig. 10) were observed throughout the cytoplasmic matrix.
In mice receiving long-term ingestion of moderate doses of ethanol, there was little difference in ADH activity of the cytoplasmic matrix among groups A (Figs. 6, 7), E (Fig. 19) , F (Fig. 20) , G ( Fig. 21 ) and H (Fig. 22) , but of these, the ADH activity in groups G and H (Figs. 21, 22 ) was increased more in the mitochondria The reaction products are moderately positive in the cytoplasmic matrix immediately adjacent to the rER, and slight deposits are found on the inner and outer membranes of mitochondria and cristae mitochondriales. Many large lipid spheres can be observed throughout the cytoplasmic matrix (Figs. 8 and 9 ). Also, numerous minute lipid droplets are striking (Fig. 10) . Unstained. Fig. 8 , x28,000; Fig. 9 , x20,000; Fig. 10, x 19 ,000 FIGS. 11 and 12. Both the moderately (2.4 g/kg of body weight/day for 3 months) and heavily (a single 7.1 g/kg of body weight dose) ethanol-treated mice (group C). The reaction products ( Fig. 11 ) are similar to those seen in Fig. 9 , whereas the deposits in Fig. 12 are rarely seen in the cytoplasmic matrix. A few large lipid spheres can be seen in the cytoplasm (Fig. 11) . Also, a large lipid droplet, which is surrounded by endoplasmic reticulum and is in close contact with mitochondria, is in the glycogen area of the cytoplasm (Fig. 12) . Unstained. Fig. 11 , x 17,000; Fig. 12, x32 ,000 FIGS. 13-18. Thirty hr after administration. FIGS. 13 and 14. The 3-month ethanol-treated mice (group A). The reaction products are moderately positive in the cytoplasmic matrix adjacent to the rER (Fig. 13) , on the inner and outer membranes of mitochondria and cristae mitochondriales (Figs. 13 and 14) . The deposits (Fig.  14) are increased in the cristae mitochondriales as compared with those in Fig, 1 . Unstained. than any other. ADH activity in the 25-month ethanol-treated mouse (group I) (Fig. 23) showed slight decrease in activity in both the cytoplasmic matrix and mitochondria when compared with that of the 3-, 10-, and 12-months ethanol-treated mice (groups A, E and F) (Figs. 6, 7, 19, 20) .
In groups E, F and I, sacrificed 6 hr after administration (Figs. 19, 20, 23 ) there was a prominent increase of ADH activity in the cytoplasmic matrix immediately adjacent to both the rough-as well as smooth-surfaced endoplasmic reticulum as compared to that of the same groups, sacrificed 30 hr after administration (Figs. 24, 25, 29, 30) , and the controls (Figs. 2, 3, 5 In the heavily ethanol-treated mice (groups B and C), increase in glycogen areas is remarkable (Figs. 15-18) , and a few small lipid spheres can be seen in increased glycogen area (Fig. 18) .
In 2 out of the 2 mice in 15-month ethanol-treated group G (Figs. 26, 27) and 1 out of the 2 mice in the 18-month ethanol-treated group H (Fig. 28) , the ADH activity was significantly increased in both the cytoplasmic matrix and mitochondria when compared with that of the 3-, 10-and 12-months ethanol-treated mice (groups A, E and F) (Figs. 13, 14, 24, 25) , but in the 25-month ethanol-treated mice (group FIGS. 29 and 30. The 25-month ethanol-treated mice (group I). Moderate deposits are found on the inner and outer membranes of mitochondria and cristae mitochondriales (Fig. 29) ; however, in Fig. 30 , faint reaction products are seen only on the cristae mitochondriales.
The deposits are markedly decreased in the cytoplasmic matrix as compared to those in Fig. 23 , but increased as compared with those in Fig. 5 . The increase in glycogen areas is seen. Unstained. Abundant deposits are seen in the cytoplasmic matrix immediately adjacent to the rER, and moderate deposits are found on the inner and outer membranes of mitochondria and cristae mitochondriales.
The deposits appeared to be rather more faint than those in Figs. 35 and 36. Unstained.
x 24,000 FIGS. 38-40. Thirty hr after last administration. FIGS. 38 and 39. The 10-month ethanol-treated C57BL/6J mice (group HA). Abundant deposits are seen in the cytoplasmic matrix immediately adjacent to both the rough (Fig. 38 )-as well as smooth (Fig. 39 )-surfaced endoplasmic reticulum, and on the inner and outer membranes of mitochondria and cristae mitochondriales (Fig. 38) . Unstained. The deposits are markedly decreased as compared with those in Fig. 38 . Unstained.
x 26,000 I) (Figs. 29, 30 ) it significantly decreased. Two (Figs. 27, 28) out of these mice, which showed significant increases in ADH activity, preferred a 15% ethanol solution to water. The considerable difference in amount of reaction product was hardly noted among groups A, E and F (Figs. 13, 14, 24, 25 ).
In comparison with control mice of respective comparable age (groups DC, EC, FC, HC and IC) (Figs. 1-5 ), the 3 (Figs. 13, 14)-, 10(Fig. 24)-, 12(Fig. 25)-,  18-and 25(Figs. 29, 30 )-months ethanol-treated mice (groups A, E, F, H and I) showed slight increases in ADH activity.
As for the TNBT method, in all control groups, the reaction product, TNBTformazan, was not observed in the cristae mitochondriales. However, in long-term ethanol-treated mice (groups A, E, F, G and H), the reaction products were positive in the cristae mitochondriales (Figs. 31, 32) .
Experiment II. 1) Control mice (Figs. 33, 34) : In DBA mice, the ADH activity in the cytoplasmic matrix immediately adjacent to the rER (Fig. 34 ) appeared to be rather more faint than that of the C57BL mice (Fig. 33) .
2) Mice sacrificed 6 hr after last administration (Figs. 35-37) : In groups HA and LA (Figs. 35-37 ), the reaction products were found mainly in the cytoplasmic matrix immediately adjacent to both the rough-as well as smooth-surfaced endoplasmic reticulum, on the inner and outer membranes of mitochondria and cristae mitochondriales. In addition, the ADH activity in group HA was also observed in the cytoplasmic matrix immediately adjacent to the cisternae of the Golgi apparatus (Fig. 36) .
In the C57BL mice (Figs. 35, 36 ) there was a significant increase in ADH activity as compared to that of the DBA mice (Fig. 37) . The ADH activity in groups HA and LA (Figs. 35-37) showed a prominent increase in ADH activity in comparison to that of the same groups, sacrificed 30 hr after administration (Figs. 38-40) , and the controls (Figs. 33, 34 ). 3) Mice sarificed 30 hr after last administration (Figs. 38-40 ) : In group HA, the reaction products were prominently found in the cytoplasmic matrix immediately adjacent to the smooth-surfaced endoplasmic reticulum (Fig. 39) .
ADH activity in D57BL mice (Figs. 38, 39 ) was increased over that of DBA mice (Fig. 40) . Further, the ADH activity in groups HA and LA (Figs. 38, 40 ) declined toward the controls (Figs. 33, 34 ).
DISCUSSION
Effect of drastic ethanol treatment on ADH activity Greenberger et al. (21) reported that liver ADH activity in rats receiving 20% ethanol solution as sole drinking fluid and in addition 6 g/kg of body weight of ethanol daily by intubation for 6 weeks was significantly decreased, when determined by both histochemical and spectrophotometric methods. Similarly, koivula and Lindros (35) found that when ethanol was given by intubation (6.6 g/kg of body weight per day in two doses) for 3 weeks, rat liver ADH activity in the soluble fraction was decreased. In the present study, at 6 hr after administration, ADH activity in the mice receiving a single (7.1 g/ kg of body weight) large dose of ethanol (group B) (Figs. 8-10 ) was no different from that of the controls (Fig. 1) , whereas at 30 hr after administration, the activity (Figs. 15, 16 ) is decreased as compared with that of the controls (Fig. 1) . In addition, when the dosage of last administration in group A is 2.4 g ethanol/kg of body weight, at 6 hr after administration the ADH activity (Figs. 6, 7) was markedly increased over that of the controls (Fig.  1) ; however, when the dosage of last administration in group A is 7.1 g ethanol/kg of body weight, at 6 hr after administration the activity (Figs. 11, 12 ) returned to that of the controls (Fig. 1 ). This agreed with the biochemical findings of Fujisawa (19) that when a single dose by incubation ranges from 2 to 6 g/kg of body weight in ethanol, with the 2-5 g/kg of body weight doses of ethanol, liver ADH activity in the rats sacrificed 8 hr after the administration was progressively increased over control value in proportion to the dose response; however, with a single (6 g/Kg of body weight) large dose of ethanol, the activity declined toward control value.
On the other hand, Videla and Israel (78) described no significant increase in ADH activity in liver supernatants of rats which received 20-40% ethanol solution by intubation (3-8 g/kg of body weight) daily for 21-26 days and which were sarificed 24-30 hr after the last administration. Why does the ADH activity decline with drastic ethanol treatment? The reasons may be two. Firstly, Greenberg et al. (21) showed that in rats receiving large doses of ethanol, there was marked fatty infiltration of the liver and the greatest lipid accumulation occurred in the zone of the lobule where the most ADH activity was present. In this study, in mice receiving the 7.1 g/kg of body weight dose of ethanol (groups B and C), both numerous minute and many large lipid droplets as shown in Figs. 8-12 and 18 were striking, whereas no difference in the number of lipid droplets was noted between mice receiving the 2.4 g /kg of body weight dose of ethanol and the controls. Thus, with a marked fatty accumulation there is a reduction in the number of normal functioning parenchymal cells and a consequent reduction in ADH activity (21) . Secondly, it has been demonstrated by Koivula and Lindros (35) that the drastic ethanol treatment by intubation caused significant loss of hepatic aldehyde dehydrogenase activity in the soluble, mitochondrial and microsomal fractions, and reported that the concentration of acetaldehyde in the liver during ethanol oxidation appears to depend on aldehyde dehydrogenase activity. In addition, an increase in the rate of ethanol metabolism can occur without concomitant increase in liver ADH activity in rats receiving large doses of ethanol (35, 78) . Consequently, it seems that the drastic ethanol treatment leads to acetaldehyde accumulation. It has been reported that acetaldehyde inactivates progressively rat liver ADH and the inactivation increases with the concentration of acetaldehyde (22) .
Efct of long-term ethanol treatment on ADH activity
Mistilis and co-workers (52, 53) observed that in rats given ethanol by intubation (2 g /kg of body weight) daily for 14 days, there was a twofold increase in liver ADH activity as compared to that of the controls at 18 hr after the last dose. Hawkins et al. (26) showed that in comparison with controls of comparable age, rats given 20% ethanol by intubation (2-4.5 g/kg of body weight per day) plus 10% ethanol as the sole drinking fluid ad libitum (7-3.7 g/kg of body weight per day) for 12 weeks, had significant increases in liver ADH activity at all times after the first 2 weeks. In addition, Fujisawa (19) found that in rats receiving 20% ethanol solution as sole drinking fluid plus 5 g ethanol/kg of body weight two times a week intragastrically, there was the 42% and 109% increases in liver ADH activity as compared with that of the controls, at 2 and 4 weeks respectively. Mendelson et al. (49) reported an increase in liver ADH activity in the rat following a 26 days exposure to 10% ethanol in drinking water. Mirone (51) reported that C57BLJ6J mice given 15% ethanol as the sole drinking fluid showed a highly significant increase in liver ADH activity at 3 and 5 months, but not at 12 months. Furthermore, Daj ani et al. (11) observed that liver ADH activity from rats maintained with a 20% ethanol as the sole drinking fluid for 40 weeks progressively increased above control values to a maximum after 26 weeks, after which the activity underwent a gradual decrease toward control values. Dippel and Ferguson (12) recently found that mice given a 15% ethanol as the sole source of liquid from 21 days old to an age of 73-74 days produced a 20% increase in liver ADH activity over controls. The present study demonstrated that in comparison with controls of comparable age (Figs. 1-5) , long-term ethanol-treated mice showed prominent increase in ADH activity in the cytoplasmic matrix immediately adjacent to the rER at all times, at 6 hr after last administration (Figs. 6, 7 and 19-23), but slight increase in the activity in cristae mitochondriales, at 30 hr after last administration (Figs. 14 and 24-29) . As for the TNBT method, in both previous paper (80) and all control mice, the reaction product was not observed in the cristae mitochondriales; however, it was positive in longterm ethanol-treated mice (Figs. 31, 32 ) . This suggests that long-term administration of moderate doses of ethanol is effective in inducing an increase in ADH activity in the mitochondria.
In contrast, Greenberger et al. (21) found no change in liver ADH activity in rats receiving either 20% ethanol as sole drinking fluid, or 20% ethanol as sole drinking fluid plus 25% ethanol by intubation (3 g/kg of body weight/day) for 6 weeks. Dow and Goldberg (13) reported that ethanol given as a daily oral dose of 2.5 g/kg of body weight for 14 days did not induce guinea-pig liver ADH activity at 24 hr after the last dose. With regard to this finding, the present study has demonstrated that no considerable difference in ADH activity in the cytoplasmic matrix was noted between the controls (Fig. 1) and group A sacrificed 30 hr after administration (Fig. 13) . It has also been reported that rat liver ADH activity is not significantly affected by administration of 20% ethanol as the sole drinking fluid for either 3 months (6) or 19 weeks (24). Moreover, Mezey (50) and Videla et al. (79) showed that liver ADH activity in rats fed ad libitum the ethanol-containing liquid diet as the only source of food and water for either 14 (50) or 21-26 days (79) remained unchanged; however, the mean intake of these diets corresponded to a mean intake of 14 g ethanol/kg of body weight per day.
Possible reasons for discrepancy in these findings are discussed below: Recent ultracytochemical (80) and biochemical (27, 77) studies have demonstrated that liver ADH activities are present not only in cytosol, but also in mitochondria. In these reports, however, liver ADH activity has been only measured in the supernatant fraction of cells. In addition, the time from the last administration of ethanol to the sacrifice has not been described except for the reports of Mistilis et al. (52, 53) and Dow and Goldberg (13) . Fujisawa (19) demonstrated that when liver ADH activity in rats receiving a single (4 g/kg of body weight) dose of ethanol intragastrically was measured at various timed intervals between 30 min and 8 hr, the EFFECT OF ETHANOL ON ALCOHOL DEHYDROGENASE 495 activity was increased 30 min after ingestion, but returned to normal by 1 hr, after which a progressive increase in the activity occurred. Mistilis and co-workers (52, 53) also reported that ADH activity assayed 4-72 hr after a single administration of ethanol by intubation (1 g/kg of body weight) was increased in liver and stomach in rats as early as 4 hr, and was sustained for 72 hr, whereas the activity in the small intestine showed a significant increase at 18 hr, but returned to normal at 24 hr. The present study has shown that at 6 hr after administration, liver ADH activity was markedly increased, but at 30 hr after administration, the activity declined toward that of the controls. Why has induction of ADH activity, found in this study after long-term ethanol administration by intubation (2.4 g/kg of body weight), been produced? With regard to this matter, Mendelson et al. (49) showed that induced increases in liver ADH activity following long-term ethanol administration were significantly suppressed by puromycin which is an effective agent for blocking some step in the transfer of amino acid from soluble RNA into protein (20) . Furthermore, Mistilis and co-workers (52, 53) suggested that the increase in ADH levels in ethanol-fed animal was the result of de novo protein synthesis, because the administration of actinomycin D, which is known to inhibit nucleic acid synthesis, and cycloheximide, which blocks protein synthesis at the ribosomal level, prevented the rise in ADH activity. It was demonstrated by Jarlstedt (32) that the incorporation in vivo of [3H] leucine into protein from liver subcellular fractions was stimulated in rats ingesting 15 % ethanol ad libitum as the only source of liquid for 8 months, and the leucine incorporation was most pronounced in the cell sap; however, the rats which were given water instead of ethanol during the 24 hr preceding sacrifice had a generally lower level of incorporation than the rats given alcohol. In addition, the incorporation of [3H] leucine into liver proteins is also stimulated in the rat given a single intraperitoneal injection of ethanol (3.2 g/kg of body weight) 3 hr before sacrifice (33) . This result is in agreement with the increase in liver ADH activity in rats receiving a single (4 g/kg of body weight) dose of ethanol intragastrically (19) . However, Kuriyama et al. (39) reported that 14C-leucine incorporation into protein was reduced in mouse liver ribosome 0.5-3 hr after a single intraperitoneal injection of ethanol (4 g/kg of body weight), returning to normal after 6 hr, whereas it showed remarkable increase of 210% in mice fed a liquid diet containing 6% ethanol for 14 days. It has been demonstrated that in vitro incorporation of 14C-leucine into both liver mitochondrial and microsomal proteins was enhanced in rats given 20% ethanol ad libitum as the only source of liquid for 20-25 days (65) . It has also been suggested that the inhibition of protein synthesis i s not due to ethanol per se, but is a consequence of ethanol metabolism, e.g., acetaldehyde, the decrease in the NAD/NADH ratio (61) . Thus, the incorporation of labelled leucine into liver protein increased in long-term ethanol-treated animals (32), which could be in agreement with the increase of liver ADH activity obtained in the present study. E ffect of long-term ethanol administration on ADH activity in mice with alcohol preference
In the 3 ICR mice, sacrificed 30 hr after last administration there was a prominent increase of ADH activity (Figs. 26-28 ). In addition, two (Figs. 27, 28 ) out of these mice preferred the 15% ethanol solution. To clarify this association between ADH activity and alcohol preference, male mice of C57BL/6J strain with high alcohol preference and DBA/2 strain with low alcohol preference were used in this study. Both 6 and 30 hr after the last administration, ADH activity in mice of C57BL/6J strain ( Figs. 35 and 36 ; 38 and 39) was increased over that of DBA/2 strain ( Figs. 37; 40) . Further, in the control mice the ADH activity in the DBA strain (Fig. 34) appeared to be rather more faint than that of the C5 7BL strain (Fig. 33) .
In biochemical studies, Sheppard et al. (67) reported that C57BL mice were found to have 30% more ADH activity than DBA mice. Correspondingly, when ADH activity was assayed in the livers of CBA mice, which have low alcohol preference, and C57BL mice, Eriksson and Pikkarainen (17, 18) showed that the difference in ADH activity was in the same direction as voluntary ethanol consumption. Komura et al. (38) and Yoshimoto (85) also reported that alcohol preference ratio (%) and liver ADH activity (mU/g liver wet weight) were 2.1 +0.8 and 849 ±22 in Hartley guinea-pigs; 8.8± 1.5 and 871 ± 107 in DBA mice; 9.2 ±4.2 and 1125+165 in Wistar rats; 46.3+26.9 and 1192±226 in C3H mice; 68.5+8.5 and 1561+109 in C57BL mice; 91.5+3.7 and 2863+232 in golden hamsters.
McClearn et al. (48) found that in both C57BL and DBA mice treated with only a 10% ethanol as a liquid source for 2-3 weeks, liver ADH activity in the C57BL mice exceeds that of the DBA mice and demonstrated that ADH activity increases as a function of ingestion of the substrate, and that the activity declines toward control values when the substrate is withdrawn. Moreover, Sze et al. (68) found that liver ADH activities of both C57BL/ l O/Bg and DBA/ 1 /Bg mice which were exposed to 10% ethanol in both the pre-and postnatal periods were significantly increased over those of the controls, whereas Ducan and Woodhouse (14) stated that in no case did the treatment described by Sze et al. cause a significant increase in the ADH activity.
It has recently been shown that the C57BL/6J mice possess the largest individual differences in alcohol preference (28, 29, 37) . Irizawa et al. (28, 29) and Matsuda (47) used C57BL mice (with high alcohol preference, HAPC57BL; with low alcohol preference, LAPC57BL) and the F1 generation obtained from matings of HAPC57 BL with LAPC57BL, and showed that alcohol preference ratio and liver ADH activity were 88.1 ±5.1 (%) and 1740±100 (mU/g of liver wet weight), 14.3±6.3 and 1250±67, and 51.2±19.7 and 1440±102 in HAPC57BL, LAPC57BL, and F1 mice respectively. This finding is consistent with the reports that F1 mice (between C57BL and DBA mice, and between KR and C57BL mice) are intermediate to the parents in both alcohol preference and ADH activity (38, 67) .
On the other hand, in two strains of rats raised by genetic selection for either high (AA strain) or low (ANA strain) voluntary ethanol consumption, Koivula et al. (36) found that ADH activity was significantly higher in the soluble fraction from livers of the ANA strain. In addition, a similar difference was also found after long-term intragastric ethanol administration (35) . As mentioned above, ADH level in the ethanol-preferring rats is opposite to that in the ethanol-preferring mice. However, Mendelson et al. (49) showed that adaptive increases in ADH activity in rats may be suppressed by puromycin and concomitant ingestion of ethanol was also suppressed. Furthermore, recent study has demonstrated a parallel strain difference in voluntary ethanol consumption and in ADH activity in rats (47) . On the basis of these reports and the present findings, it could be said that there is a distinct correlation between alcohol pre-EFFECT OF ETHANOL ON ALCOHOL DEHYDROGENASE 497 ference and liver ADH activity. Eriksson (16) reported that there was no significant difference in the elimination rate of ethanol between the ANA and AA rats. However, from study in the rates of ethanol metabolism in hamsters with high alcohol preference and rats with low alcohol preference, it has been recently indicated that a correlation does exist between alcohol preference and rate of metabolism (47, 83) . In addition, Thurman et al. (76) reported that from non-SIAM (swift increase in ethanol metabolism: SIAM) parents, no Fl progeny exhibited SIAM, whereas all Fl progeny from high SIAM parents exhibited SIAM and established that SIAM is heritable. Endo et al. (15) demonstrated that the ethanol elimination rate of C57BL/6J mice with high liver ADH activity is significantly faster than that of NZB mice with low liver ADH activity. These facts may suggest the relationship between rate of ethanol metabolism and ADH activity.
It has been found that after ethanol injection, blood acetaldehyde level was higher in DBA mice than in C57BL mice (66) ; aldehyde dehydrogenase activity was 3 fold higher in liver homogenates in C57BL mice than in DBA mice (67) . The same has been also reported for rats (16, 35, 36) . Schlesinger et al. (66) found that Antabuse, which inhibits aldehyde dehydrogenase activity, increases acetaldehyde accumulation in both C57BL and DBA mice following ethanol administration, but the effect was significantly greater in C57BL mice than in DBA mice. Moreover, voluntary consumption of ethanol is depressed following Antabuse treatment in C57BL mice (66) . Thus, the higher acetaldehyde level in the blood of ethanol-avoiding DBA mice following administration of ethanol might be a reason for their avoidance of ethanol (36) . Role of ADH activity on the adaptive increase in ethanol metabolism due to long-term ethanol treatment.
The rate of ethanol metabolism is markedly increased in animals following long-term ethanol consumption (4, 26, 35, 50, 79) . This phenomenon has also been realized in liver slices (30, 78) and the perfused liver (75) . In addition, it has recently been demonstrated that the stimulation of ethanol metabolism by ethanol concentration exists in vivo in normal rats (81) . However, the precise mechanism of these phenomenon is unknown.
Wendell and Thurman (81) showed that when a normal rat or one which had received the diet containing 20% ethanol for 3-5 weeks was given either 2.5 or 5.0 g/kg of body weight of ethanol intravenously, at the low and high doses in normal, average rates of ethanol elimination were 179 and 266 µ moles/g/hr respectively; and with the 2.5 g/kg of body weight dose of ethanol, elimination rates in ethanolpretreated rats were 38% greater than in normals. With regard to these data, it has been demonstrated biochemically that rat liver ADH activity was progressively increased depending upon the dose response up to 5 g/kg of body weight of ethanol (19) . The present study demonstrated clearly that in comparison with controls of comparable age, long-term ethanol-treated mice showed increase in ADH activity at all times, and showed that at 30 hr after last administration, the activity in both 15 (Figs. 26, 27, 32)-and 18 (Fig. 28) -months ethanol-treated mice was significantly increased in both the cytoplasmic matrix and mitochondria when compared with the 3 (Figs. 13, 14)-, 10 (Fig. 24)-and 12 (Fig. 25) -months ethanol-treated mice.
Mezey (50) observed that the adaptive increase in ethanol elimination due to long-term treatment with ethanol fell to normal as early as 2 days after withdrawal from ethanol. Furthermore, Bleyman and Thurman (3) also showed that the half-time of the decline in the adaptive increase in ethanol metabolism due to either long-term ethanol treatment or the concentration effect was between 20 and 24 hr. These two observations may be attributed to the fact that in all groups, except groups G and H, ADH activity in mice sacrificed 6 hr after administration was markedly increased over that of mice sacrificed 30 hr after administration and the controls, and then the activity in mice sacrificed 30 hr after administration decreased toward the controls. Therefore, it is possible that induction of ADH activity by its substrate, up to either 5.0 g/kg of body weight of ethanol (a single dose by intubation) or 2.4 g/kg of body weight of ethanol (long-term daily ingestion by intubation), may provide a plausible explanation for the adaptive increase in ethanol metabolism due to either the concentration effect or long-term ethanol treatment.
On the other hand, it has been reported by some investigators (78, 79) that the rate of ethanol metabolism can increase without a concomitant increase in ADH activity. In this respect, Videla et al. (79) and Bernstein et al. (2) showed that long-term ethanol treatment led to a marked increase in the rate of 02 consumption, a decrease in the phosphorylation potential ([ATP]/[ADP][Pi]), and an increased (Na+-}-K+)-stimulated ATPase activity. This extra utilization of 02 could be completely blocked by ouabain, an inhibitor of the active transport of Na+ and K+, and of the (Na++K+)-stimulated ATPase, and by sodium-free incubation medium, which is also known to inhibit the sodium pump (2) . Moreover, Thurman et al. (75) demonstrated that the rates of ethanol metabolism in both normal and ethanoltreated rats were nearly abolished by 4-methylpyrazole, an inhibitor of ADH, rotenone and antimycin A, inhibitors of the mitochondrial respiratory chain, and atractyloside, an inhibitor of adenine nucleotide translocase; and that the adaptive increase in ethanol metabolism due to long-term treatment was completely abolished with ouabain. These findings suggest that the ADP produced from enhanced ion movement enters the mitochondrial space, and stimulates electron transport and oxygen uptake (75) . As a consequence of these event, therefore, a greater rate of NADH reoxidation occurs, resulting in a greater rate of production of NAD, which stimulates ethanol oxidation via ADH (75) . However, Thurman et al. (76) recently noted that an increased activity of the (Na++K+)-stimulated ATPase is probably not involved in the mechanism of the adaptive increase, but diminished rates of glycolysis done.
Since cytoplasmic processes appear insufficient to reoxidize the NADH generated by ethanol metabolism, mitochondrial oxidation of the reducing equivalents of NADH is required (10) . However, the mitochondrial membrane is relatively impermeable to NADH; so alternative shuttle mechanisms, e.g., the malate-aspartate (40), a-glycerophosphate (34) and fatty acid shuttles (82) , have been proposed which transfer reducing equivalents through the mitochondrial membrane (84) . The malate-aspartate shuttle is the most important of these shuttles (10, 40, 84) . For proper operation of this shuttle (Fig. 41) , oxalacetate does not diffuse from the mitochondria but is transaminated to form aspartate or reduced to malate (40) ; thus malate which acts as a carrier of reducing equivalents between mitochondria and cytoplasm (25) , and glutamate must enter the mitochondria, while aspartate and a-ketoglutarate exit (10) . Rawat and Kuriyama (62) reported that long-term ethanol treatment to mice leads to not only increased permeability of the mitochondria to NADH, but also to increased contribution of the malate-aspartate shuttle in the transport of extramitochondrial NADH into mitochondria. Furthermore, they (63) reported that prolonged ethanol feeding resulted in an increase in the activity of hepatic aspartate aminotransferase in the cytoplasmic fraction and a corresponding decrease in the mitochondrial fraction. However, these reports are in disagreement with that of Cederbaum et al. (7, 8, 10) , who showed that long-term ethanol treatment to rats neither altered the mitochondrial permeability to NADH and to substrate anions which participate in the shuttle, increased the transport of reducing equivalents into the mitochondria by the shuttle, nor changed the specific activities of mitochondrial and cytoplasmic aspartate aminotransferase. Nordmann et al. (55) indicated that aminooxyacetate, an inhibitor of aspartate aminotrasferase activity, reduced to a considerable extent the oxidation of ethanol in vioo; however, the degree of inhibition of aspartate aminotransferase activity and the reduction of blood ethanol elimination rate are not directly connected. Prolonged ethanol feeding has also been shown to have no effect on malate dehydrogenase activity of rat liver mitochondria (64) . Further, it has been postulated that acetaldehyde (0.6-4.5 mM), a product of ethanol metabolism, which is oxidized by a low-Km aldehyde dehydrogenase to acetate in the mitochondria (23, 45, 46, 60) , is a potent inhibitor of these shuttles for the transport of reducing equivalents into mitochondria (9) . Also, it is unlikely that long-term ethanol feeding would enhance the activities of both the a-glycerophosphate and fatty acid shuttles (7, 8, 10) . Cederbaum et al. (7, 8) indicated that the transport of reducing equivalents into the mitochondria does not appear to be rate-limiting for ethanol metabolism, and that the acceleration of ethanol oxidation induced by prolonged ethanol consumption is not explained by increased activity of these shuttles. Thus, since long-term ethanol ingestion results in a faster mitochondrial 02 consumption in situ suggesting a faster NADH reoxidation (79) , these reports and the present findings (Figs. 14, 31, 32) strongly suggest that the mitochondrial ADH activity may play a significant role concerning the adaptive increase in ethanol metabolism, following prolonged ethanol consumption. Also, on the basis of a scheme depicted by Thurman et al. (75) , the above data, and the present findings (Figs. 14, 31, 32 ), the mechanism of adaptive increase in ethanol metabolism due to long-term ethanol treatment is summarized schematically in Fig. 41 .
Approximately 20 to 30% of ethanol metabolism was found to persist even in the presence of either 4-methylpyrazole or pyrazole, potent ADH inhibitors (43, 76, 81) . The pyrazole-insensitive ethanol metabolism, non-ADH pathway, has been attributed to a microsomal ethanol-oxidizing system (MEOS) and/or a peroxidatic reaction of catalase-H202 (4). Orme Johnson and Ziegler (58) reported that mammalian liver microsomes can catalyze the NADPH and oxygen dependent oxidation of methanol and ethanol to the corresponding aldehydes. Lieber and DeCarli (41, 42) , who named this "microsomal ethanol-oxidizing system (MEOS) ", showed that MEOS activity is partially inhibited by carbon monoxide; it thereby has properties with microsomal drug-detoxifying enzymes. Teschke et al. (69, 70) demonstrated a separation of MEOS from ADH and catalase in rat liver microsomes by DEAE-cellulose column chromatography. Furthermore, they revealed that MEOS activity was found only in fractions which contained the three microsomal components, cytochrome P-450, NADPH-cytochrome c reductase, and phospholipids; and that in the absence of cytochrome P-450 it is never detected, even when NADPHcytochrome c reductase and phospholipids are present. MEOS activity in rats fed an ethanol-containing liquid diet for 24 days showed a significant increase (41, 42, 43, 69) . In addition, Teschke et al. (69) also reported that cytochrome P-450, NADPH-cytochrome c reductase and phospholipids increased in total microsomes after long-term ethanol consumption and may play a role in the associated enhancement of MEOS activity. However, by use of mice of AdhN/AdhN strain, which lack liver ADH activity, and AdhF/AdhF strain, which has normal liver ADH activity, Burnett and Felder (4) recently reported that prolonged ethanol consumption induced the elevated blood ethanol elimination rate (BEER) in AdhF JAdhF mice but not in AdhN/AdhN mice and that both strains had a 3-fold greater MEOS activity following long-term ethanol consumption; however, the alteration in MEOS activity was not accompanied by a significant increase in cytochrome P-450, NADPHcytochrome c reductase or phospholipid. Therefore, it is strongly suggested that BEER increases, following long-term ethanol consumption, are mediated primarily via the ADH pathway (4 (59) showed that a peroxidatic reaction of catalase-H202 intermediate with ethanol is restricted by the two following factors : the ratio of the H202-generation rate to catalase concentration and the ethanol concentration. Thurman (73) demonstrated that 4-methylpyrazole insensitive ethanol utilization by perfused rat liver is due to the peroxidative reaction of catalase-H202, since addition of ethanol in presence of 4-methylpyrazole resulted in a decrease in the steady-state concentration of the catalase-H202 intermediate determined spectrally (600-640 mit). Additionally, it has been reported that a combination of 4-methylpyrazole plus an H202-generating substrate increased ethanol utilization by perfused rat liver and this stimulation was due to intraperoxisomal hydrogen peroxide generation, which led to the formation of catalase-H202 (74). Wendell and Thurman (81) also showed that the catalase-H202-dependent component is involved in the adaptive increase in ethanol elimination due to long-term pretreatment with ethanol in oioo. However, it has been indicated that catalase-H202 plays little, if any, role in ethanol metabolism (71) .
